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plays	a	central	role	 in	 the	regulation	and	metabolism	of	 iron	 in	bacteria,	algae,	higher	
plants,	 and	animals,	 including	humans.	 In	 this	 study	we	present	a	 single-phase	model	
for	 ferrihydrite	 that	 unifies	 existing	 analytical	 data	 whilst	 adhering	 to	 fundamental	
chemical	 principles.	 The	 primary	 particle	 is	 small	 (20-50	 Å)	 and	 has	 a	 dynamic	 and	
variably	hydrated	surface,	which	negates	 long-range	order;	collectively,	 these	 features	
have	 hampered	 complete	 characterization	 and	 frustrated	 our	 understanding	 of	 the	
mineral’s	 reactivity	 and	 chemical/biochemical	 function.	 Near	 and	 intermediate	 range	
neutron	diffraction	(NIMROD)	and	first	principles	density	functional	theory	(DFT)	were	
employed	 in	 this	 study	 to	 generate	 and	 interpret	 high	 resolution	 data	 of	 naturally	
hydrated,	 synthetic	 2L-Fh	 at	 standard	 temperature.	 The	 structural	 optimization	











hematite.	 The	 large	 specific	 surface	 area	 (>600m2/g)	 of	 its	 typical	 nanocrystalline	
agglomerates,	 and	 associated	 structural	 disorder,	 engender	 much	 of	 Fh’s	 unique	
chemistry	but	also	hamper	characterization.	Thus,	despite	crucial	roles	in	nature	[1,	2,	
3],	 biology	 [4],	 technology	 [5]	 and	medicine	 [6],	 the	mineral	 structure	 of	 Fh	 remains	
contentious.		
Two-line	 ferrihydrite	 (2L-Fh),	 so	 termed	 because	 of	 the	 two	 broad	 Bragg	 peaks	
observed	 with	 X-ray	 diffraction,	 is	 the	 primary	 natural	 form	 of	 the	 mineral	 and	 has	
recently	been	shown	to	nucleate	from	a	Fe13	Keggin	ion	precursor	[7].	With	a	primary	
particle	 size	 of	 only	 2-5	 nm	 [8]	 the	 structural	 features	 of	 2L-Fh	 are	 dominated	 by	
surface	atoms.	This	large	surface:volume	ratio	coupled	with	the	consequent	loss	of	long-
range	 order	 has	 foiled	 multiple	 techniques	 in	 the	 absolute	 characterization	 of	 2L-Fh	
particles.	Moreover,	 the	mineral	 surface	 is	dynamic	and	hydrated,	 and	all	 attempts	 to	
stabilize	 the	 core	 mineral	 phase	 through	 high	 temperature	 treatment	 have	 led	 to	
surface	 water	 loss	 and	 inevitable	 structural	 changes.	 For	 example,	 Harrington	 et	 al	
heated	 their	 2L-Fh	 samples	 to	 300	 °C	 for	 30	minutes	 under	 vacuum	 to	 increase	 the	
crystallinity	of	the	mineral	core	and	remove	noise	in	the	neutron	diffraction	analysis	[9].	







model,	 it	 was	 also	 unusual	 in	 suggesting	 that	 all	 the	 Fe	 would	 be	 octahedrally	
coordinated.	In	support	of	this	model	is	the	EXAFS	and	XANES	study	of	Manceau	et	al,	






predominant	structure	is	a	single-phase	model,	proposed	by	Michel	et	al	 [15,	16].	 It	 is	
based	upon	isostructural	akdalaite	and	has	a	lot	in	common	with	the	earliest	structures,	
with	 its	mix	 of	 octahedral	 and	 tetrahedral	 Fe	 sites	 [12,	 13,	 15],	 and	was	 determined	
from	 XRD	 generated	 Pair	 Distribution	 Functions	 (PDFs)	 [9,	 15].	 	 In	 support	 of	 this	
model	 are	 the	 many	 studies	 that	 conclude	 the	 mineral	 phase	 must	 include	 both	
tetrahedrally	and	octahedrally	coordinated	Fe	[Table	I;	12,	13,	14,	15,	17,	18].	However,	
this	single-phase	model	demonstrates	certain	structural	anomalies,	e.g.	[19,	20,	21,	22],	
namely	 tetrahedral	 Fe-O	 bonds	which	 are	 effectively	 too	 long,	 giving	 tetrahedral	 and	
octahedral	volumes	that	are	equal,	and	an	unrealistically	short	bond	within	that	same	







diffuse	 scattering	 signals	 of	 light-element	 containing	 systems,	 is	 ideal	 for	 the	 2L-Fh	
nanoparticulate	 system	where	 there	 is	 not	well-defined	 Bragg	 scattering	 in	 the	 F(Q).	
This	has	allowed	us	to	use	ferrihydrite	dried	at	just	40°C,	but	with	no	subsequent	high-
temperature	 treatment	 that	would	 risk	 significant	dehydration	or	 even	phase-change.	
We	 have	 revisited	 the	 previous	 single-phase	model	 of	Michel	 et	al	and	 optimized	 the	
structure	 from	 first	 principles.	 Importantly,	we	 have	 shown	 that	 an	 improved	 single-
phase	model,	which	has	all	the	chemical	ambiguities	removed,	is	an	excellent	match	for	



















































































































































α1	 radiation,	 a	 Ge	 primary	 monochromator	 and	 a	 Lynx	 Eye	 Detector.	 The	 scanning	
range	was	5-70	degrees	2	theta	at	a	speed	of	7.5	s/step	and	a	step	size	of	0.01	degrees.	






















mineral	 is	 principally	 composed	 of	 iron,	 oxygen	 and	 hydrogen	 –	 quantified	 by	
inductively	 coupled	 plasma	 optical	 emission	 spectrometry	 (ICP-OES),	 Unterzaucher	
Pyrolysis	 and	 Dumas	 Combustion	 respectively.	 Trace	 levels	 of	 carbon	 and	 chlorine	
arising	 from	 the	 mineral	 synthesis	 were	 detected	 via	 Dumas	 Combustion	 and	 the	




line	Fh.	 (b)	Fitting	of	 the	NIMROD	experimental	data	 to	a	 simple	 spherical	model.	 (c)	
Distribution	of	nanoparticle	 sizes	within	 the	 sample	 as	determined	by	NIMROD:	peak	
radius	is	17	Å.	(Wide	format	–	double	column)	
D.	Neutron	diffraction	
Neutron	 diffraction	 experiments	 were	 carried	 out	 with	 the	 Near	 and	 InterMediate	
Range	 Order	 Diffractometer	 (NIMROD)	 instrument	 at	 the	 UK’s	 pulsed	 neutron	 and	
muon	 source,	 ISIS	 (Harwell-Oxford).	 This	 instrument	 is	 able	 to	 simultaneously	 access	
length	scales	from	<1	Å	to	>300Å,	thus	providing	robust	bond-length	information	at	the	
required	 length	 scales.	 Moreover,	 as	 noted	 above,	 the	 study	 was	 undertaken	 with	
material	 dried	 at	 just	 40	 °C	 thereby	 maintaining	 its	 natural	 2L-Fh	 structure.	 A	 null	
scattering	 vacuum-sealed	 Ti0.676Zr0.324	 alloy	 sample	 holder,	 sealed	 against	 the	
instrument	vacuum	using	PTFE	o-rings,	was	used	to	collect	scattering	data	at	293K	for	
123	 minutes.	 Collected	 data	 were	 corrected	 for	 background,	 multiple	 scattering	 and	




Full	 and	 partial	 Pair	 Distribution	 Functions	 (PDFs)	 were	 calculated	 for	 modelled	
structures	 and	 previously	 published	 models,	 using	 PDFgui	 [27].	 For	 the	 purposes	 of	
generating	 the	 PDFs,	 the	 models	 were	 constructed	 as	 laid	 out	 in	 the	 appropriate,	
previously	published	work	[10,	15].	For	the	3-phase	model	this	required	the	production	






convergence	 testing,	 of	 700	 eV	was	 employed	 along	with	 a	Monkhorst	 Pack	3x3x3	k-
point	grid	for	sampling	of	the	Brillouin	zone	[29],	giving	a	maximum	k-point	separation	
of	 0.05	 2π/A.	 Convergence	 tolerances	 for	 energy	 change,	 maximum	 displacement,	
maximum	force	and	maximum	stress	were	set	at	1×10-5	eV	atom-1,	0.001	Å,	0.03	eV	Å-1	
and	0.05	GPa	respectively.	Ultrasoft	pseudopotentials	(BIOVIA	library)	were	employed	
[30]	 along	 with	 the	 local	 spin-density	 approximation	 (LSDA)	 exchange-correlation	
functional	 [31].	 The	 strongly	 correlated	 3d	 iron	 electrons	 were	 corrected	 with	 the	
Hubbard	U	 formulation	at	4	eV	 [32].	The	electronic	ground	state	was	 found	using	 the	
spin-polarized	 Ensemble	 Density	 Functional	 Theory	 method	 [33].	 The	 spin	 states,	
corresponding	 to	 the	 ferromagnetic	 ground	 state,	were	 the	 same	 as	 those	 previously	
calculated	by	Pinney	et	al	[34].		
The	starting	structure	for	the	single-phase	model,	which	is	isostructural	with	akdalaite,	
has	 a	 P63mc	 space	 group	 and	 lattice	 parameters	 of	 a=b=5.95	 Å	 and	 c=9.06Å	 [15].	
However,	the	space	group	was	altered	to	P1	for	the	DFT	simulation,	to	allow	complete	






XRD	 analysis	 of	 synthetic	 ferrihydrite	 was	 undertaken	 to	 provide	 mineral	 phase	
confirmation.	This	yielded	two	diffuse	maxima,	which	was	both	typical	of	and	consistent	
with	reference	peaks	for	2-L	Fh	(Fig.	1(a)).	





falls	 within	 the	 expected	 size	 range	 (2-5	 nm	 diameter)	 of	 2-line	 Fh,	 as	 previously	
determined	from	High-Resolution	TEM	[8].		
Elemental	 analysis	 (Table	 II)	 suggests	 a	 formula	 of	 5Fe2O3.8H2O,	 in	 line	with	 bulk	 Fh	
[24]	 or	 a	 heavily	 hydrated	 form	 of	 Fh	 as	 proposed	 by	 Michel	 et	 al	 [15],	 namely	

























Despite	 drying,	 the	 large	 trough	 at	 0.95	 Å	 indicates	 that	 a	 substantial	 amount	 of	
hydrogen	 remains	 in	 the	 material.	 Due	 to	 hydrogen’s	 negative	 scattering	 length,	
hydrogen	associated	peaks,	such	as	O-H,	have	negative	intensities	or	dampened	positive	
signals.	This	distance	(0.95	Å)	is	slightly	shorter	than	the	O-H	distance	in	water	(0.98	Å),	
which	 points	 towards	 the	 hydrogen	 being	 found	 in	 OH	 groups,	 principally	 on	 the	
surface,	 rather	 than	 as	 structural	water.	 In	 a	 previous	 neutron	 diffraction	 study	 on	 a	




phase	 [15]	 and	 3-phase	 models	 [10].	 The	 latter	 model	 was	 constructed	 in	 the	 6:3:1	
proportions	 stated	 in	 the	original	paper,	 composed	of	 a	defect-free	phase,	 a	defective	















in	 the	 experimental	 data.	 As	 already	 explained	 above	 this	 surface	 bound	 hydrogen,	
which	was	not	removed	from	the	particles’	surfaces	in	a	high-temperature	drying	step,	




As	 shown	 in	 Fig.	 4(c),	 peaks	 a,	 d	 and	 f	 (as	 labelled	 in	 Fig.	 4(a))	 are	 almost	 entirely	
identifiable	as	 the	distances	between	Fe	and	O	 ions.	Peak	 c	 is	 strongly	accounting	 for	

























geometry	 optimization	 to	 see	 if	 improvements	 could	 be	 made	 that	 match	 the	
experimental	NIMROD	data	(previous	DFT	optimization	has	been	reported	but	using	the	
6-line	 single-phase	 structure	as	 the	 starting	position	 [34]).	The	 lattice	parameters	 for	
the	resulting	model	are	presented	in	Table	III.	Although	we	did	not	constrain	the	a	and	b	
parameters,	 unlike	 in	 the	 work	 with	 the	 refined	 6-line	 model	 [34],	 they	 did,	
nevertheless,	remain	equal.	
In	 the	 refined	 structure,	 the	 a	and	 b	parameters	 are	 reduced	 compared	 to	 the	 prior	
state-of-the-art	 2L-Fh	model	 (Table	 III),	 while	 the	 c	 parameter	 is	 increased;	 an	 even	
greater	 increase	 in	 the	 c	 parameter	 is	 also	 observed	 in	 the	 previous	 6-line	 Fh	 DFT	
refinement.	 This	 was	 explained	 by	 the	 authors	 as	 an	 illustration	 of	 the	 inherent	








































(2,	 3	&	6-line	 ferrihydrite)	 and	 the	 optimized	6-line	DFT	 structure	have	been	 carried	
out.	 All	 these	 optimized	 structures	 relaxed	 to	 the	 same	 structure	 (within	 2	 decimal	






































































































































TABLE	 IV.	 Complete	 structural	 parameters	 for	 the	 new	 DFT-optimized	 ferrihydrite	
model.	 The	 structure	was	 optimized	with	 a	P1	 space	 group	 to	 allow	 the	 structure	 to	
relax	 with	 complete	 freedom.	 On	 completion,	 the	 space	 group	 was	 recalculated	 and	
found	to	be	P63mc	with	a	maximum	deviation	from	symmetry	of	0.51e-14	.	
	Although	not	a	defining	feature	of	the	ferrihydrite	phase	compared	to	other	iron	oxides	




some	 contributions	 from	 other	 ion	 pairs	 (see	 Fig.	 4)	 and	 hence	 do	 not	 correspond	
precisely	to	the	Fe-Fe	distances.	Fe-O	bond	lengths	in	the	DFT	model	were	also	analysed	
and	 bond	 populations	 calculated	 using	 the	 Mulliken	 formalism	 to	 define	 electron	
distribution	 between	 ions	 [39].	 Octahedral	 Fe	 sites	 were	 little	 changed,	 at	 2.00	 Å,	













0.38	 1.959	 0.42	 1.864	
0.45	 2.019	 0.49	 1.883	
0.45	 2.019	 0.49	 1.883	







tetrahedral	 Fe-O	 bond	 lengths	 are	 contracted	 to	 an	 energetically	 more	 favourable		









FIG.	 5.	 (a)	 DFT-optimized	 single-phase	 2-L	 ferrihydrite.	 The	 tetrahedral	 Fe	 ions	 are	
shown	 in	 green	 and	 the	 octahedral	 Fe	 ions	 in	 orange.	 In	 this	 new	 structure,	 the	
tetrahedral	 Fe	 site	 is	 reduced	 by	 17	%	 compared	 to	 the	 original	 single-phase	model	
[15].	 The	 new	 Fetet-O	 bond	 lengths	 are	 1.883	 Å	 (blue-banded)	 and	 1.864	 Å	 (red-
banded).	The	directly	bonded	oxygen	atoms	for	the	example	tetrahedral	sites	are	shown	
in	dark	blue,	all	other	oxygen	ions	are	shown	in	red	and	hydrogen	in	white.	For	clarity	
some	 ions	 have	 been	 removed	 from	 the	 illustration	 to	make	 the	 example	 tetrahedral	
sites	 completely	 visible,	 and	 all	 surfaces	 have	 periodic	 boundary	 conditions.	 (b)	
Simulated	XRD	patterns	for	the	previous	(black)	and	refined	(red)	single-phase	models.		
	




in	 line	 with	 expectations	 for	 such	 an	 Fe	 site	 based	 upon	 published	 comparisons	 of	
inorganic	crystal	structures	[21,	41].	This	refinement	therefore	remains	consistent	with	
our	 experimental	data	 (average	Fe-O	bond	 length	of	2.04	Å)	but	 significantly	 reduces	
the	 tetrahedral	 site	 volume.	 Furthermore,	 the	 eccentricity	 of	 this	 tetrahedral	 volume	
has	been	significantly	reduced	with	just	1	%	(rather	than	3	%	[15])	difference	between	
the	 ‘short’	 bond	 and	 the	 other	 bonds	 of	 the	 tetrahedra.	 The	 previous	 DFT	 6-line	
refinement	also	reduced	the	tetrahedral	Fe-O	bond	length	but	to	a	lesser	extent,	to	1.92	
Å	[34],	and	still	above	the	range	cited	by	other	authors	as	acceptable	[21].		
While	 these	 refinements	 resolve	 the	 previous	 chemical	 inconsistencies,	 it	 is	 clearly	










The	 NIMROD	 instrument	 at	 ISIS	 was	 able	 to	 produce	 an	 accurate	 diffraction	 pattern	
with	2L-Fh	material	dried	at	ambient	temperatures,	which,	 for	the	first	 time,	obviated	
dehydration	and	removed	the	possibility	of	phase-transformation	through	heating	steps	




for	 tetrahedrally	 coordinated	 iron,	 in	 contrast	 to	 the	 octahedral-only	 3-phase	model,	
which	 is	 incompatible	 with	 the	 primary	 Fe-O	 bond	 length	 and	 amorphous	
characteristics	of	the	mineral.	
	
Crucially,	 following	 DFT	 optimization	 of	 the	 previous	 state-of-the-art	 single-phase	
model	[15],	we	can	now	propose	a	structure	that	has	lattice	parameters	fully	consistent	
with	 experimental	 data	 and	 with	 tetrahedral	 Fe	 sites	 that	 do	 not	 conflict	 with	 basic	
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